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Intermittent altitude exposures reduce acute
mountain sickness at 4300 m
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Dan DITZLER", Dean STULZY, Janet E. STAABT, Gary S. SKRINART,

Steven F. LEWIST and Michael N. SAWKAT

“Biophysics and Biomedical Modeling Division, United States Army Research Institute of Environmental Medicine, Natick,

MA 01760, USA, fThermal and Mountain Medicine Division, United States Army Research Institute of Environmental

Hedicine, Natick, MA 01760, USA., and Department of Health Sciences, Sargent College of Health and Rehabilitation
Sciences, Boston University, Boston, MA 02215, USA.

A'B S TRAGCT

Acute mountain sickness (AMS) commonly occurs at altitudes exceeding 20002500 m and
usually resolves after acclimatization induced by a few days of chronic residence at the same
altitude. Increased ventilation and diuresis may contribute to the reduction in AMS with altitude
acclimatization. The aim of the present study was to examine the effects of intermittent altitude ex-
posures (IAE), in combination with rest and exercise training, on the incidence and severity of
AMS, resting ventilation and 24-h urine volume at 4300 m. Six lowlanders (age, 23 + 2 years; body
weight, 77 & 6 kg; values are means + S.E.M.) completed an Environmental Symptoms Question-
naire (ESQ) and Lake Louise AMS Scoring System (LLS), a resting end-tidal partial pressure of
CO; (PeTCOy) test and a 24-h urine volume collection at sea level (SL) and during a 30 h exposure
to 4300 m altitude-equivalent (barometric pressure = 446 mmHg) once before (PrelAF) and once
after (PostlAE) a 3-week period of IAE (4 h-day™', 5 days-week™', 4300 m). The previously
validated factor score, AMS cerebral score, was calculated from the ESQ and the self-report score
was calculated from the LLS at 24 h of altitude exposure to assess the incidence and severity
of AMS. During each IAE, three subjects cycled for 45-60 min-day™' at 60-70% of maximal
O, uptake (VOmax) and three subjects rested. Cycle training during each 1AE did not affect
any of the measured variables, so data from all six subjects were combined. The results showed
that the incidence of AMS (%), determined from both the ESQ and LLS, increased (P < 0.05)
from SL (04 0) to PrelAE (50 1 22) at 24 h of altitude exposure and decreased (P < 0.05) from
PrelAE to PostlAE (0+0). The severity of AMS (.e. AMS cerebral symptom and LLS self-
report scores) increased (P<0.05) from SL (0.024£0.02 and 0.174+0.17 respectively) to
PrelAE (0.49 £ 0.18 and 4.17 &-0.94 respectively} at 24 h of altitude exposure, and decreasad
(P <0.05) from PrelAE to PostlAE (0.03 +0.02 and 0.83 +0.31 respectively). Resting PETCO,
{mmi-g) decreased (i.e. increase in ventilation; P < 0.05) from SL (38 + 1) to PrelAE (324 1) at
24 h of altitude exposure and decreased further (P < 0.05) from PrelAE to PostlAE (28 + 1),
In addition, 24-h urine volumes were similar at SL, PrelAE and Post!AE. In conclusion, our findings
suggest that 3 weeks of IAE provide an effective alternative to chronic altitude residence for
increasing resting ventilation and reducing the incidence and severity of AMS.

Key words: acute mountain sickness, arterial oxygen saturation, hypobaric hypoxia, intermittent hypoxia, urine volume, ventilation.
Abbreviations: AMS, acute mountain sickness; AMS-C; AMS cerebral symptom; AMS-R; AMS respiration symptom; DBP, diastolic
blood pressure; ESQ, Environmental Symproms Questionnaire; FIR, heart rate; [AFE, intermittent altitude exposures; LLS, Lake
Louise AMS Scoring System; Py, barometric pressure; Prrcos, end-tdal portial pressure of COs; Saoy, arterial Oy saturation; SBP,
systolic blood pressure; SL, sea level; Voymax, maximal O, uptake.

Correspondence: Dr Beth AL Beidleman (e-mail bech.beidleman@na.amedd.army.mil).
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INTRODUCTION

Acute mountain sickness (AMS) is a syndrome induced
by hypoxia in unacclimatized individuals who ascend
rapidly to altitudes exceeding 2500 m and remain there
for more than several hours [1-4]. Characteristic symp-
toms include headache, nausea, vomiting, loss of appetite,
fatigue, dizziness and sleep disturbances [2,4~7]. The on-
set of AMS usually occurs 4-12 h after ascent, and symp-
toms become most prominent after the first night spent at
high alutude. Resolution of AMS usually occurs follow-
ing altitude acclimatization induced by 1-2 days of high-
altitude residence if no further ascent is attempred [3,8].
Increased ventilation and diuresis, which can occur over
the same few days of high-altitude residence, may conuri-
bute to the resolution of AMS with altitude acclimatiza-
von [3,8~10]. .

Although a few days of high-altitude residence signi-
ficantly reduces the incidence and severity of AMS symp-
toms, athletes or military units rapidly deployed to
high altitude may be completely incapacitated by AMS
during the first few days at a new altitude. Thus current
guidance suggests the use of slow or staged ascent
profiles to induce altitude acclimatization and reduce
the debilitating effects associated with the initial occur-
rence of AMS [1,11,12]. However, for many occupations
and recreational activities, participants may not have suf-
ficient time and logistical support to utilize these staged
ascent profiles. Alternatively, acetazolamide provides an
effective pharmacological prophylaxis for AMS upon
rapid ascent to high altitude [2,13-15], but may have side
effects, including gastric distress, nausea, constipation, fa-
tigue and paresthacsia. A promising alternative approach
to induce altitude acclimatization and reduce the incid-
enceand severity of AMS s the use of intermittent altitude
exposures (IAE). Even though descriptive improve-
ments in alucude iliness have been reported following
IAE [16,17], the incidence and severity of AMS has
not been quantitatively measured before and after AL
in a group of lowlanders. In addition, the relationship
between changes in the severity of AMS and changes
in arterial O saturation (5a0,) and 24-h urine volumes
following IAE have not been reported.

Even though performing exercise while ascending to
altitude has been shown to increase symptoms of AMS
[18], possibly due to increased hypoxaemia and sodium
retention [19], the use of moderate exercise in combi-
nation with residence at altitude may enhance the magni-
tude of acclimatization, due to the exacerbation of arterial
hypoxaemia during exercise at 4300 m. I exercising at 60--
70 % of maximal O, uptake (V():nmx) at 4300 m induces
10 % arterial desaruration [20,21], this amouat of

desaturanion is equivalent to sitiing at an aldtude of ap-
prox. 5000-5500 m [22]. Thus the addition of exercise
at a given aluwude is another way of providing a greater

hypoxie stress (i.e. ‘higher altitude exposure’) to the body

© 1064 The Biochemical Society

without increasing the exposure altitude and may induce

a greater degree of acclimatization.

The aim of the present study, therefore, was to examine
the effects of 3 weeks of TAE (4 h-day™!, 5 days-
week ™, 4300 m) on the incidence and severity of AMS
symptoms, resting ventilation and 24-h urine volume.
We hypothesized that 3 weeks of IAE would reduce the
incidence and severity of AMS symptoms at 4300 m and
that the reduction in AMS severity would be associated
with an increase in resting ventilation (i.e., increase in
5a0;) and 24-h urine volume. We also hypothesized that
cycle training during the 3 weeks of IAE would reduce
further the incidence and severity of AMS symptoms
related to the exacerbation of arterial hypoxaemia during
cycle training sessions.

METHODS

Yolunteer test subjects

Eight non-smoking volunteers (six men and two women)
enrolled in the study. Two volunteers dropped out during
the study and, therefore, six non-smoking volunteers
(five men and one woman) with a mean (+$.15.M.) age
and body weight of 232 years and 77 + 6 kg respect-
ively, participated. Fach was a life-long low-altitude
resident and had no exposure to alutudes greater than
100C m for at least 6 months immediately preceding the
study. All volunteers received medical examinations, and
none had any condition warranting exclusion from the
study. All had normal haemoglobin and serum ferritin
levels. The woman had a normal menstrual cycle length
(28 1 days) over the 2-month testing period, had not
taken oral contraceptives or hormone therapy for the
previous 6 months and had never been pregnant. Testing
was not controlled for menstrual cycle phase, because
AMS cerebral (AMS-C), AMS respiration (AMS-R) and
Lake Louise AMS Scoring System (LLS) self-report
symptom scores do not differ between the follicular
and luteal phases of the menstrual eycle at 4300 m [23].
All volunteers performed regular sea-level (51.) acrobic
tramning (1-2 h-week ™) before and during the study to
maintain pre-study level of SL. physical firness. All were
of average physical fitness. Each gave written and verbal
acknowledgment of their informed consent and was made
aware of their right to withdraw without prejudice at
any time. The research was carried out in accordance
with the Declaration of Helsinki (2000) of the World
Medical Association. Investigators have adhered to the
policies for protection of human subjects as prescribed in
Army Regulation 70-25, and the research was conducted
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Study design

Fach test volunteer's incidence and severity of AMS, resting ventifation and 24-h
urine volume were measured during preliminary measurements (Prelim}, at SL, and
during a 30 h exposure to 4300 m altitude-equivalent (Pp = 446 mmHg) once
hefore (PrelAE) and once after (PostiAE) a 3-week period of AL (4 h - day™';
5 days - week ™', 4300 m). Modified from [24] with permission. (© (2003)
American Physiological Society.

were defined as SL, before TAE (PrelAE) and after TAE
(PostIAE). The groups were defined as rest and cycle
training during TAE. Each test volunteer’s incidence
and severity of AMS, resting ventilation and 24-h urine
volume were measured at SL and during a 30 h ex-
posure to 4300 m altitude-equivalent [barometric pres-
sure {Pp) =446 mmHg] once before (PrelAE) and once
after (PostIAE) a 3-week period of TAE (4 h-day™';
5 days-week ™!, 4300 m) (Figure 1). Each volunteer’s
Voymax and maximal heart rate (HR) were also
determined within approx. 4-6 h of exposure to SL,
PrelAL and PostIAE and these results have been reported
previously [24]. To minimize the impact of potential
learning effects, all volunteers completed a preliminary
Environmental Symptoms Questionnaire (ESQ) and LLS
at 4300 m and SL and a resting end-uidal paruial pressure
of CO; (Prrco,) test and 24-h urine volume collection

at 5L prior to definitive data collection.

[n the morning before cach TAE, volunteers were weighed
(wearing t-shirts, shorts and socks). If body weight had
changed by more than +1 kg from baseline during
the morning weigh-in, volunteers were encouraged to
eat more or less depending on the direction of body
weight change, in order to maintain constant body weight
throughour the study. During each TAE, the three
volunteers randomly assigned to the resting group sat

- bunks, watched television, listened to music, read

in then
books and wrote lewters for the 4 h altitude exposure.
In contrast, the three volunteers randomly assigned to

the exercise training group exercised for approx. 45—

60 min, starting within 15 min of arriving at altitude, and
rested for the remainder of the 4 h altitude exposure. The
exercise performed during each TAE consisted of conti-
nuous constant work rate and interval training on a
cycle ergometer (Model 818E; Monark, Varberg, Sweden)
at an intensity corresponding to approx. 70-85% of
pre-training altitude maximal HR. As exercise training
progressed, cycle work rates were adjusted, if necessary,
to ensure achievement of appropriate training HR during
each training session. Systolic blood pressure (SBP) and
diastolic blood pressure (DBP), using a sphygmomano-
meter (Baumanometer; W. A. Baum, Copiague, NY,
US.A), Sao,, using a finger pulse oximeter (Model
N-200; Nellcor, Pleasanton, CA, U.5.A.), and HR, using
a wireless HR watch (Model 8799, Computer Instru-
ments, Hempstead, NY, US.A), were periodically
measured on both groups of volunteers. Mean arterial
pressure was calculated as 0.333 x (SBP — DBP) + DBP.

At the end of each training session, all volunteers
remained resting in the hypobaric chamber, so that their
total exposure time to hypobaric hypoxia, including a
15 min decompression and 15 min recompression, was
4 h-day~'. Volunteers were encouraged to drink water
to replace any fluid loss during exercise and/or alutude
exposure. All volunteers were required to maintain (Le.
not increase or decrease) their 1-2 h-week™ aerobic
training at SL to maintain their pre-study level of physi-
cal fitness. Physical activity monittor logs were kept
throughout the 5 weck study.

Environmental conditions

All testing and training were performed in a hypobaric
chamber that was maintained at a temperature and
relative humidity of 21 +2°C and 45 + 5 % respectively.
The SL testing was performed at ambient barometric
pressure (approx. 760 mm Hg), and all altcude exposures
were conducted at an alutude-equivalent of 4300 m
(Pp = 446 mmHg).

Diet

The quantity of food consumed was not limited; however,
to limit the potential effects that diet may have on the
incidence and severity of AMS symproms {25}, volunteers
were given meals of idendcal nutrient and caloric con-
Prel AE and

PostIAE. Food intake was recorded and analysed for

tent during each 30-h test condition at §

energy content and percentage contribution of macronu-
trients (Nutricionist 11T v.6.0; N-Squared Computing,
Silverton, OR, U.5.A.). Urine volumes over 24 h were
recorded during the first 24 h of testing at 5L, PrelAR
and PostIAE. At no time during the entire study were

volunteers allowed to consume caffeine.

Resting ventilation measurements were performed in a

fasted condition after approx. 20-22 h exposure to each

© 2004 The Biocherical Society
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test condition. Volunteers sat in a semi-recumbent posi-
tion and breathed through a low-resistance respiratory
valve and breathing circuit connected to a computer-
controlled, breath-by-breath open circuit metabolic
measurement system (Vmax229; SensorMedics, Yorba
Linda, CA, USA). Resting values were obtained
for minute ventilation and Perco,. Resting Sao, was
measured by pulse oximetry (Model N-200; Nellcor,
Pleasanton, CA, U.S.A.) and resting HHR was measured by
three-lead ECG (Model N-200; Nellcor). The duration
of the resting ventilation tests was approx. 20 min. Mean
resting ventilation data were calculated from the last 8-
10 min of the session.

Altitude illness assessment
of AMS symptoms were
determined from information gathered using the ESQ and

Incidence and severity
LLS. The ESQ 1s a self-reported, 68-question inventory
designed to quantify symptoms induced by altitude and
other stressful environments [26]. Symptom severity is
self-rated on a scale of 0-5, with a score of 0 indicating
the absence of symptoms and 5 representing the symptom
present at maximum intensity. A weighted average
of cerebral symptoms (headache, light-headed and
dizzy; designated AMS-C) and respiratory symptoms
(Le. short-of-breath and hurts-to-breathe; designated
AMS-R) was calculated for each subject for each AMS
assessment. AMS was judged to be present if an indivi-
dual’s AMS-C score was > 0.7 or AMS-R score was
= 0.6. The effectiveness of AMS-C scores in identifying
individuals with AMS has been reported and validated
previously [26].

The LLS consists of a five-question, self-reported
assessment of five AMS symptoms using a scale of 0-3
and an investigator-conducted assessment of three clinical
signs of AMS [27]. The LLS self-report and LLS self-
report plus clinical assessment scores were calculated for
cach test volunteer and the presence of AMS was defined
as headache (i.c. score of 2 1 on the headache question)
plus one additional symptom of AMS for a total score
of =3 on cither the self-report questionnaire alone or in
combination with the clinical assessment after exposure
to altitude for more than 2 h [27]. The LLS self-repore
scoring system has been demonstrated to reliably detect
the presence of AMS and correlate with ESQ scores
28,29].

The incidence of AMS for both the ESQ and LLS
scoring instruments was defined as the number of tese
volunteers who achieved or exceeded the criterion score
value on a measure of AMS for the first time during
the 30 h exposure divided by the total number of
test volunteers. Symptoms of AMS were assessed four
nmes at 5L (14:00, 20:00, 08:00 and 14:00 hours) using
ESQ and LLS. Both the ESQ and LLS questionnaires
were administered four times (14:00, 20:00, 08:00 and

14:00 hours) during each 30 h aldrude condition. Given

©) 2004 The Biochemical Society

Table | Combined group body weight, height, energy
intake and percentage contribution of carbohydrate, fat and
protein to the diet (n=6)

Values are means - S.EM. | keal = 4.184 L)

St PrelAE PostlAE

Body weight (kg)
Height (cm)
Energy intake (keal)

m+¢

17743
154194 1853 1257 2135 £319
Urine volume on day 1 (ml-24 h™') 1587336 2408614 2133+ 674
Contribution to diet (%)

17+6 46

Carbohydrate 5843 56-+5 5542
Fat 283 HIE 34412
Protein 1443 13-+1 i+12

that volunteers started each 30 h test condition at approx.
08:00 hours, these time points corrcspondcd to 6, 12, 24
and 30 h post-exposure.

Statistical analyses

A two-way repeated measures ANOVA was used to
analyse differences between the independent group factor
(rest and exercise training) and the repeated measures
test condition factor (SL, PrelAE, and PostIAE) for
the incidence of AMS, resting PErco,, Sao, and 24-
h urine volume measurements. Three-way ANOVAs,
with repeated measures on the additional factor of time,
were used for AMS-C, AMS-R and LLS scores. Signi-
ficant main effects and interactions were analysed using
Tukey’s least significant difference test. Pearson product-
moment correlation coefficients were calculated for the
relationships between the change in the severity of
AMS and changes in Sao, and 24-h urine volume
from SL to PrelAE and PrelAE to PostAE. Statistical
significance was set at P < 0.05. All data are presented as
means + S.E.M.

Even though arterial O, desaturation was 5-10 % greater
during cycle training compared with rest during cach
TAE, cycle training did not reduce further the incidence
or severity of AMS or affect any of the other measured
variables. Thus, for statistical analyses, data from all
six subjects were combined. Individual responses are
provided for Prrco,.

Yolunt

Mean body weights, heights, 24-h urine volumes, energy

intakes and percentage contributions of carbohydrate,
fat and protein to the diet were similar among testing
conditions (Table 1). Mean body weight did not change

from baseline during the 5-week course of the study.
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Individual Data

M —@- Gycle Training (Men)
—A~ Cycle Training (Woman)
7 Rest

28

Resting PETCO4 (mmHg)

24

31 PrelAE  PostlAE

Group Data

50 5
17% Decrease
T
40 11% Decrease
[

20

Resting PETCOp (mmHg)

SL PrelAE

PostlAE

@gyjs«f_z Effect of IAE on PETco,
Percoy {mmHg) was measured in six volunteers at S and during < 30 h expos-
ures to 4300 m altitude-equivalent (Pg = 446 mmHg) before (PrelAE) and im-
mediately after (PostiAE) a 3 week period of IAE (4 h-day™'; 5 days - weel ™'

4300 m). *P < 0.05 compared with SL, TP < 0.05 compared with PrelAE.

B

Resting ventilation

Individual and group Perco, data (mmHg) are shown
in Figure 2. All individuals exhibited a decrease in
PETCO; (Le. increase in venulation) from SL to PrelAE.
All individuals exhibited a further decrease in Perco,
from PrelAE to PostIAE. The mean PETCO,; decreased
by 1746 % (P <0.05) from SL (38.5+0.9 mmHg) o
PrelAE (31.7 £0.7 mmHg) and decreased further by
1146% from PrelAE to PostiAE (28.0+0.3 mmIyg).
Restung Sao, decreased (P < 0.05) from SL (99 -+ 1 %)
to PrelAE (804+2%) and increased (P <0.05) from
PrelAE to PostIAL (85+1%). Restng MR increased
(P=0.05) from SL (6447 beats/min) to PrelAE
(86 + 11 beats/min) and decrcased (P «<0.06) from
PrelAE to PostAE (75 + 8 beats/min).

AMS
AMS-C, AMS-R, LLS self-report and LLS self-report
plus clinical symptom scores are shown in Figure 3. The
AMS-C score, measured at 12, 24 and 30 h post-alurude
exposure, increased (7 < 0.05) from SL to Prel AE and de-
creased (P < 0.05) from Prel AE to PostIAE. The AMS-R
score was similar at SL, PrelAE and PostTAE at all time

points. The LLS self-report and LLS self-report plus
clinical scores, measured at 12, 24 and 30 h post-altitude
exposure, increased (P < 0.05) from SL to Prel AE and de-
creased (P = 0.05) from PrelAF to PostIAE. The AMS-C
and LLS self-report scores were correlated at PrelAE at
6h (r=0.89, P=0.02), 12 h (r=0.95, P=0.003), 24 h
(r=0.92, P=0.009) and 30 h (r=0.93, P=0.008). The
increase in AMS-C from SL to PrelAE, measured at
24 h post-exposure, was significantly correlated with the
decrease in resting $a0,, measured at 24 h post exposure,
fromSLto PrelAE (r = — 0.82, P =0.05). The decrease in
AMS-Cfrom PreJAE to PostIAE, measured at 24 h post-
exposure, was significantly correlated with the increase
n resting Sao,, measured at 24 h post-exposure, from
PrelAE to PostIAE (r= —0.82, P=0.04). The change in
24-hurine volume from one test condition to the next was
notrelated to the change in the AMS-C or LLS self-report
scores.

The incidence of AMS, determined from both the ESQ
and LLS scoring instruments, was identcal at all tme
points. The incidence of AMS increased (P < 0.05) from
SL(O-+0and0+0%)to PrelAE (50 + 22 and 50 + 22 %)
at 24 and 30 h of alutude exposure respectively, and
decreased (P <0.05) at PostlAE (0+0 and 0+0%
respectively) compared with PrelAE. Resting HR and
mean arterial pressure collected every other day during
ntermittent altitude exposures did not change from day
1 to day 15. Resting Sa0, increased (P < 0.05) from day 1
to day 15 of IAE (Figure 4).

DISCUSSION

The present study tested the hypothesis that 3 weeks of
IAE, in combination with rest or cycle training, would
reduce the incidence and severity of AMS at 4300 m and
that the reduction in AMS severity would be associated
with an increase in resting ventilation and 24-h urine
volume. The present study makes the following new
conclusions following 3 weeks of TAE: (i) the incidence
and severity of AMS during a 30 h exposure to 4300 m
were reduced, and (i1) the reduction in the severity of
AMS was related to the increase in resting Sao,, but
not 24-h urine volume. The reductions in the incidence
and severity of AMS following 3 weeks of TAE were
quantifiably comparable with those reported previously
following chronic alutude residence [30-32]. TAE may
therefore be used as an alternative to chronic altitude
residence to reduce the incidence and severity of AMS
upon exposure to 4300 m.

Two commonly proposed mechanisms for the de-
velopment of AMS upon exposure to altitude are the
absence of normal altitude diuresis, evidenced by a
lack of inereased urine ourpur [3,10,33], and relative
hypovenulation {9,10,34]. The most likely explanation

for the reduction 1n the incidence and severity of AMS

3 2004 The Biochemical Society
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Figure 3 AMS-C, AMS-R, LLS self-veport and LLS self-report plus clinical assessment scores during 1AE

AMSC . AMS- R, LLS setf-report [LLS (Self-report)] and LLS self-report and clinical assessment score [LLS (Self-report 4 Clinical)] were measured in six volunteers at 6, 12,
24 and 30 b of exposure to SL, during < 30 h exposures to 4300 m altitude-equivalent (Pg == 446 mmHg) before (PrelAE) and immediately after (PostlAF) a 3 week

period of IAE (4 h-day™'; 5 days - week ™', 4300 m).

20 4
<) 85 //C\g %
N
O
s I
Bogoq e
75 . : .
1 3 5 7 9 M43 45
E sure Days
Figure 4 sting $a0y during !

Resting fao; measured every other day in six volunteers during 15 days of IAF
P < 0.05 compared wich day 1.

-

tollowing 3 weeks of TAE in the present study was the in-
: . o / .
crease in resting ventilation and corresponding increase

in Sa0,, since 24-h urine volume was not changed. Since
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P < 0.05 compared with SL. TP <

< 0.05 compared with PrelAE.

resting $a0; (8042 %) during the first 30 h exposure
to 4300 m (r.c. PrelAE) was the same as the resting
Sa0y (8012 %) at 4300 m on the first day of TAE, it
is unlikely that resting ventilation increased due to the
stimulus of the initial 30 h alttude exposure. Although
an increase in hypoxic ventilatory sensitivity has been
reported after ag little as 8 h of exposure to poikilocapnic
hypoxia [35], it has also been shown [36] that the in-
creased hypoxic ventilatory sensitivity following 16 days
of acclimatization to 4300 m decreases back to SL values
following 5 days of altitude deacclimatization. Although
not measured, the ~3 days of altitude deacclimatization
from PrelAE to the first day of IAE in our present
study would most probably return hypoxic ventilatory
sensitivity back to SL values following a relatively short
30 h alotude exposure. Thus the observed increase in
resting ventilation at PostIAE was most probably due
to the 15 days of 1AE

exposure

% and not the initial 30 h altitude
The nerease in resting ventilation and Sao; following
repeated TALE has been reported in most [21,37-40], but

notall [41], previous studies. However, the present study
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is the first in which the change in resung Sao, has
been correlated with the change in the severity of AMS
following [AE. The strong correlations between the
increase in AMS-C and decrease in resting Sa0, from
SL to PrelAL, as well as the strong correlation between
the decrease in AMS-C and increase in resting S20; from
PrelAE to PostlAE, supports the hypothesis that resting
Sa0y is closely linked with AMS severity.

This is the first study to report that IAE result
in the complete eliminaton of AMS in lowlanders.
Although several other studies have suggested that AMS
is eliminated following IAE [16,17], none have quanti-
tatively measured AMS. One study [42] did quanutatvely
measure AMS in lowlanders upon exposure to 4500 m
following intermittent exposures to hypoxic gases
(8 h-day !, 10 days, 3200~3500 m) and compared their
responses with a group of non-acclimatized controls.
That study [42] reported no differences in the severity
of AMS between groups upon exposure to 4500 m, but
was complicated by the fact that up to five breaks of
varying duration were given from breathing the hypoxic
gases during the course of the 8-h day. Furthermore, even
though the inspired partal pressure of O, (Po;) was
known, the actual degree of hypoxaemia (i.e. 5a0;)
was not measured in the volunteers breathing the hypoxic
gas mixture. Thus these earlier results are tenuous at
best.

The incidence and severity of AMS upon acute
exposure to altitude in our present study was comparable
with the mean results reported from other altitude studies
conducted at 4300 m [30-32]. However, this is the first
study to report that intermittent exposures to 4300 m
were equally as effective as chronic altitude residence [30-
32]in eliminating the incidence and severity of AMS. IAE
therefore appear to be an effective alternative to chronic
altitude residence for inducing alttude acclimatizaton
and eliminating AMS.

During the 15 days of TAE, resting $20; was increased
from the first day to the last day of exposure (Figure 4).
"The pattern of increase, however, did not appear linear,
in that the majority of the increase in $a0; occurred by
day 9. Although we had hoped to determine whether
we could shorten the number of alttude exposure days
needed to acclimatize to 4300 m, the lack of a staustically
significant change in Sa0,, a major determinant of altutude
acclimatization, untl the 15¢h day of alutude exposure
suggests otherwise.

The present study makes the following new conclusions
following 3 weeks of TAE: (i) the incidence and severity of
AMS duringa 30 hexposure to 4300 m were reduced, and
(i) the reduction in the severity of AMS was related to the

increase in resting Sacy, but not 24-h urine volume.

The reductions in the incidence and severity of AMS fol-
lowing 3 weeks of IAE were comparable with those
reported previously following chronic altitude residence.
[AE may therefore be used as an alternative to chronic
altitude residence to reduce the incidence and severity of
AMS upon exposure to 4300 m.

ACKNOWLEDGMENTS

We thank the test volunteers for their participation and
co-operation in this study. We gratefully acknowledge
the technical and logistical support provided by Sergeant
Dave DeGroot, Sergeant James Moulton, Mr Vinnie
Forte, Jr and Mr Scott Robinson. The efforts of all
chamber crew operators and medical support staff are
also gratefully acknowledged. Thé views, opinionsand/or
findings in this report are those of the authors, and
should not be construed as an official Department of
the Army position, policy or decision, unless so desig-
nated by other official documentation. Citations of
commercial organizations and trade names in this report
do not constitute an official Department of the Army
endorsement or approval of the products or services of

these organizations.

REFERENCES

1 Johnson, T. S. and Rock, P. B. (1988) Acute mountain
sickness. N. Engl. J. Med. 319, 841-845
2 Hackett, P. FL and Rennie, D. (1976) The incidence,
importance, and prophylaxis of acute mountain sickness.
Lancet i, 1149-1154
3 Singh, L, Khanna, P. K., Srivastava, M. C,, Lal, M., Roy,
S. B. and Subramanyam, C. S. V. (1969) Acute mountain
sickness. N. Engl. J. Med. 280, 175-184
4 Honigman, B., Thesis, M. K. and Koziol-McLain, J. (1993)
Acute mountain sickness in a general tourist population at
moderate altitude. Ann. Intern. Med. 118, 587~592
Bailey, D. M., Davies, B., Milledge, J. 8. et al. (2000)
Elevated plasma cholecystokinin at high altitude: metabolic
implications for the anorexia of acute mountain sickness.
High Alt. Med. Biol. 1, 9-23
6 Sanchez del Rio, M. and Moskowitz, M. A. (1999) High
alttude headache: lessons from headaches at sea level.
Adv. Exp. Med. Biol. 474, 145-(53
7 Powles, A. P and Sutton, J. R. (1983) Sleep at altitude.
Semin. Respir. Med. 5, 175-180
8 Birtsch, P, Shaw, S, Franciolli, M., Gnadinger, M. I and
Weidmann, P (1988) Atrial nauriuretic pepude in acute
mountain sickness. J. Appl. Physiol. 65, 19291937
9 Moore, L. G, Harnison, G. L., McCullough, R. E. et al.
(1986) Low acute hypoxic venulatory response and
hypoxic depression in acute altitude sickness.
J. Appl. Physiol. 60, 14071412
10 Hackett, P H., Rennie, D, Hofmeister, S. ., Grover, R.E,
Grover, E. B. and Reeves, J. T. (1982) Fluid retention and
relative hypoventilation in acute mountain sickness.
Respiration 43, 321-329
11 Hansen, J. E., Harns, C. W.oand Evans, W. O. (1967)
Influence of clevation of origin, rate of ascent and a
physical conditioning program on symptoms of acute
mountain sickness. Mil. Med. 132, 585-592
12 Purkayastha, 5. 5., Ray, U. S, Arora, B. 5. cral. (1995)
Acclimatization at high altitude in gradual and acute
induction. . Appl. Physiol. 79, 487-492

w

© 2004 The Biochemical Society




328

B. A Beidlemvan and others

13

16

[
U

Larsen, E. B., Roach, R. C., Schoene, R. B. and Hornbein,
T. F (1982) Acute mountain sickness and acetazolamide.
Clinical efficacy and effect on venulation. JAMA, J. Am.
Med. Assoc. 248, 328-332

Forwand, S. A., Landowne, M., Follansbee, J. N. and
Hansen, ]. E. (1968) Effect of acetazolamide on acute
mountain sickness. N. Engl. J. Med. 279, 839-845
Greene, M. K., Kerr, A. M., McIntosh, I. B. and Prescott,
R. J. (1981) Acetazolamide in prevention of acute mountain
sickness: a double-blind controlled cross-over study.

Br. Med. J. 283, 811813

Rodriguez, F. A., Casas, H., Casas, M. et al. (1999)
Intermittent hypob aric hypo\m stimulates er ythropoiesis
and improves aerobic capacity. Med. Sci. Sports Exercise
31, 264-268

Casas M., Casas, H., Pages, T. et al. (2000) Intermittent
hypobnm hvpoxm induces altitude acclims ation and
improves the lactate threshold. Aviat. Space Environ. Med.
71, 125-130

Roach, R. C., Maes, D., Sandoval, D. et al. (2000) Exercise
exacerbates acute mountain sickness at simulated high
alutude. J. Appl. Physiol. 88, 581-585

Withey, W. R., Milledge, J. S., Williams, E. S. et al. (1983)
Fluid and clcctm]yte homeostasis dmm;, prolonged
exercise at alditude. J. Appl. Physiol. 55, 409-412
Beidleman, B. A, Rock, P. B., Muza, S. R., Fulco, C. S.,
Forte, Jr, V. A. and Cymerman, A. (1999) Exercise Ve and
physical performance are not affected by menstrual cycle
phase at altitude. J. Appl. Physiol. 86, 1519-1526
Katayama, K., Sato, Y., Is]n(h K., Mori, S. and
Miyamura, M (1998) The cfﬂus 0’( Intermitient exposure
to lxypoxn during endurance exercise training on the
ventlatory responses to hypoxia and hypumpnn in
humans. Fur. ] Appl. Pllysio]. 78, 189-194

Ward, M. P, Milledge, J. S. and West, J. B. (2000) The
umosphcrc In High Alutude Medicine and Physiology,
3rd edn, pp. 22-32, Chapman & Hall Medical, London

Rock, P, B., Muza, S. R., Fulco, C. S. et al. (2001) Women at

altitude: effect of menstrual- cvdn phase on acute mountain
sickness during deployment to high altitude terrain,
USARIEM Technical Report, IOl T'18, Natick, MA
Beidleman, B. A, Muza, S. R., Fulco, C. S. et al. (2003)
Intermittent altitude exposures impmvc muscular
performance at 4300 m. J. Appl. Physiol. 95, 18241832
Consolazio, C. ., Matoush, L. O., Johnson, }. L.,
Krzywicki, H. J., Daws, T. A. and Isaac, G. J. (1969)
Effects of hwh c ubohydx ate diets on performance and
clinical symptomqtolo 7y after rapid ascent to high altitude.
Fed. Proc. Fed. Am. Soc. Exp. Biol. 28, 937-943

Sampson, J. B., Kobrick, J. L. and J(')hnson, R.E (1994)
Measurement of subjective reactions to extreme
environments: the Environmental Symproms
Questionnaire. Mil. Psychol. 6, 215-233

Roach, R. C., Bartsch, P, Oeclz, O., Hackett, P. H. and
Lake Louise AMS Scoring Consensus Commitree (1993)
The Lake Louise acute mountain sickness suning system.
In Hypoxia and Molecular Biology (Sutton, J. R

Houston, C. §. and Coates, G., eds.), pp. 272~ 27} Queen
Ciry Press, Burlington

\Iwg,umm M., MUHU A., Hofstetter, D., Bartsch, P and
Oelz, O. (1 ‘)‘)S) As‘%cs‘smull of acute moumun suknus by
different score plotouol\ in the Swiss Alps. Aviat. Space
Environ. Med. 69, 1186-1192

30

33

34

35

36

37

38

43

Savourey, G. A., Guinet, A., Besnard, Y., Garcia, N.,
Hanniquer, A. M. and Bmd J. (1995) Evaluation of the
Lake Louise acute mountain sickness scoring system in a
hypobaric chamber. Aviat. Space Environ. Med. 66,
963-967
Fulco, C. 8., Rock, P. B, Reeves, J. T, Trad, L. A, Young,
P. M. and Cymerman, A. (1989) Effects of propranolol on
acute mountain sickness (AMS) and well-being at
4,300 meters of altitude. Aviat. Space Environ. Med. 60,
679-683
Rock, P. B., Johnson, T. S, Cymerman, A, Burse, R. L.,
Falk, L. J. and Fulco, C. E (1987) Effect of dexamethasone
on symptoms of acute mountain sickness at Pikes Peak,
Colorado (4,300 m). Aviat. Space Environ. Med. 58,
668-672
Lyons, T. P, Muza, 5. R, Rock, P. B. and Cymerman, A.
(1995) The dﬂu of ﬂmudc pre-acclimatization on acute
mountain sickness during reexposure. Aviat. Space
Environ. Med. 66, 957 962
Westerterp, K. R., Robach, P, Wouters, L. and Richalet,
J. P (19‘)6) Water balance and acute mountain sickness
before and after arrival at high altitude of 4, 350 m.
1. Appl. Plysxol 80, 1968-1972
Roach, R. C., Greene, E. R., Schoene, R. B. and Hacket,
P H. (19% ) Arterial oxygen saturation for prediction of
acute mountain sickness. Aviat. Space Environ. Med. 69,
1182-1185
Howard, L. S. and Robbins, P. A. (1995) Alterations in
respiratory control during 8 h of isocapnic and
potkilocapnic hypoxia in humms J. Appl. Physiol. 78,
1092-1097
Muza, S. R., Fuleo, C. S, Lyons, T. et al. (1995) Augmented
Lhcmoscnsmvny at qlutudc and after return to sea lcvd
impact on subsequent return to altitude. Acta Andina 4,
109-112
Karayama, K., Sato, Y., Morotome, Y. et al. (2001)
Intermittent hypO\n increases ventilation and Saoy during
hypoxic exercise and hyp()\lt_ chemosensitivity.
J. Appl. Physiol. 90, 14311440
Nagasaka, T. and Sat\lu T. (1969) Changes of pulmonary
and Lll(ll()VISLUlA] fumtxons in subjects confined
mtermittently in a low-pressure dmmbu for 3 consecutive
days. Fed. Proc. Fed. Am. Soc. Exp. Biol. 28, 13121315
Savourey, G., Garcia, N, Besnar, Y., Guinet, A.,
Hanniquer, A. M. and Bittel, J. ( ‘)‘)()) Pre-adapration,
adaptation and de- uhptmon to high altitude in humans:
cardio-ventilatory and lnomamlowu] changes. Eur. J.
Appl. Physiol. 73, 529-535
Roskamm, H., L mdly, E, Samek, L., Schiager, M.,
\Vudmnnn F. and Reindell L (1969 B f{cus of a
standardized ergometer training program at three different
alatudes. J. /\ppl Physiol. 27, §40-847
Ricart, A, Casas, H., Casas, M. et al. (2000)
Acclimatization near home? E arly respiratory changes
after short-teym intermittent exposure to simulated
altitude. Wilderness Environ. Med. 11, 8488
Burse, R. L. and Forte, V. A. (1988) /\uxtc mountain
sickness at 4500 m is not altered by repeated eight hour
exposures to 3200-3550 m normobaric hypo\u cquivalent.
Aviat. Space Environ. Med. 59, 942-949
Masuda, K., Okazaki, K., Kuno, S., Asano, K., Shimojo, FL.
and }\nsml S. (7001)1 ndurance o alning under 7500 m
hypoxia does not increase myoglobin content in human
sl\dull muscle. Eur. J. Appl. Physml 85, 486--490

Received 30 April 2003/26 August 2003; VAC\,CPLCd 16 October 2003
Published as Immediate Publication 16 October 2003, DOL10.1042/CS200301 6

€ 2004 The Biochemical Society



